The new concept of a multi-mission micro air vehicle (MMMAV) was designed in order to enhance the efficiency, endurance and performance of this small vehicle which must be able to perform several capabilities: vertical take-off and landing (VTOL), hovering, low speed translation and high forward speed flight. The key factor of achievement is the propulsion system. Firstly, to ensure the capacity of the new propeller system concept, a high performance propeller system was designed and studied. Two testing conditions were investigated: hovering and a forward flight at a desired maximum speed. Initially, an analytical approach was adopted with preliminary calculations using XROTOR and CROTOR code to determine the 10 best propellers with optimal efficiency. Then, an experiment of both static and dynamic thrust was conducted. The rotation speed, thrust, torque, electric tension and current were carefully measured and compared with measurements taken for the in-line 'APC-7x5' propellers which are used by other MMMAVs. The results showed the new coaxial propeller system was highly efficient when combined with the 'GWS9x4.7 Slow' and the 'APC6x4' propellers. The power required was reduced by approximately 20% and 30% for hovering and forward flight, respectively. the teams from the Institute Superieur de l'Aeronautique et de l'Espace (ISAE) and from the University of Arizona (UA), in some missions, the MAV must fly both outdoor and indoor operations; therefore, the MAV should have several capabilities including vertical take-off and landing (VTOL), hovering, low speed translation and high forward speed flight. The first two multi-mission micro air vehicles (MMMAVs) were officially and excellently demonstrated at the International Micro Air Vehicle Conference and Flight Competition 2007 (IMAV2007). First, the 'TYTO' MAV (a tandem propeller, biplane wing configuration presented by Ref.6) was objectively studied and designed, by ISAE to enhance the low speed capability and improve the efficiency of a fixed wing MAV which normally must fly at high speed [7] . Based on the in-line propeller concept, UA and ISAE invented the second MMMAV with VTOL capability. In order to develop VTOL capability, a study was conducted [8] [9] . This second MMMAV, named 'Mini-VertiGo2', is a tail-sitter, tilt-body, monoplane, fixed wing configuration. In 2009, another MMMAV, called 'MAVion', won the outdoor competition at IMAV2009, Pensacola, FL, USA. The MAVion aircraft constructed by the ISAE team was equipped with a tandem propeller in front of the wing. In addition, at the same event, the indoor session was won by the 'Cobra' MMMAV presented by the UA team, which had evolved from the Mini-VertiGo2 concept.
, in the early stages of micro air vehicle (MAV) development, these tiny vehicles were usually designed for and used in either outdoor (with a low aspect ratio, tailless, monoplane configuration) or indoor (with a rotating wing configuration) operation [1] [2] [3] [4] [5] . From the perspective of multiplied by gravity. The study in Ref. 14 showed that this additional drag is about 20% of the weight. Therefore, thrust requirement for hovering conditions can be written as shown in Eq. (1):
(1)
Where m is the mass and g is the gravitational constant. In other conditions, aerodynamic lift force is generated by the wing in forward flight. Assume the liftto-drag ratio (L/D) of a very low aspect ratio wing is in the order of 3-6. Using the worst conditions (L/D = 3), the thrust requirement for the maximum forward speed is given by Eq.(2):
(
A comparison of Eq.1 and Eq.2 clearly shows that the thrust requirements for the hover and forward flight conditions are very different. Twin motor-propellers should be used for hover flight and only a one motor-propeller is sufficient for forward flight. A twin propeller is helpful for anti-torque and a single propeller is usually used on a fixed wing MAV.
Propeller characteristics
Most general propellers are designed to suit only one flight environment, making the efficiency in other flight environments low. A low pitch angle propeller is optimal for low speed flight while a high pitch angle propeller is designed for high speed flight. According to simple propeller theory, such as the momentum theory in Eq.(3), a propeller accelerates air resulting in induced velocity behind the disc. Therefore, the lower propeller in an in-line propeller will always operate with incoming velocity.
Where T is the thrust (N), ρ is the air density (kg/m3), A is the propeller disc area (m2), V P is the velocity behind the propeller (m/s) and U is the velocity in front of the propeller (m/s).
The BROWN's propeller
This new propeller system concept was designed taking the above into consideration, which in regard to using two propellers and two motors, suggests that the upper propeller (1st propeller) should have a large diameter with a low pitch angle and thus will be suitable for hovering. The air that passes through the upper propeller will speed up and then enter the lower propeller (2nd propeller), where the lower propeller has a small diameter with a high pitch angle and is suitable for high speed resulting in higher flying efficiency. For horizontal forward flight, the control surface can be used to create roll moment which is opposite to the induced moment of the propeller torque. Then, only a single, high pitch angle of the 2nd propeller is sufficient for forward flight. The upper propeller is a foldable larger propeller while the lower propeller is a smaller propeller suitable for high speed flight. The conceptual design of the BROWN with new in-line propeller system is shown in Fig.1 . The upper propeller is driven by low KV motor which is optimal for hovering, whereas the 2nd or lower propeller is rotated by high KV motors. In hovering flight ( Fig.1-left) , both motors and propellers are rotating with different rotational speed in order to maintain zero torque from the propellers. In high speed forward flight ( Fig.1-right) , the first motor stops, therefore the folding propeller is kept aligned with the body of the aircraft. The distance between the two propellers in the new design was set at 25 cm because the wing of the original design aircraft (Mini-vertigo2) has a maximum root chord length of 21 cm while the distance between the double propellers of Mini-vertigo2 is equal to about 8 cm (as estimated from a photograph, not shown).
METHODOLOGY
The study chose propellers available on the open market and then initially analyzed each propeller's efficiency using the software program XROTOR [15] and CROTOR [16] . The shape, including airfoil, chord and pitch angle, of each blade was carefully measured on over 70 propellers (showed in Table 1 ), and the data were used as input into each program. Only 15 pusher propellers were found. The propeller combination was made by following these two steps: a) find good performance propellers in Table 1 for a forward flight at 15 m/s, b) combine these propellers with other propellers in Table 1 which a counter-rotating can be achieved. Then, after simulation by software, we selected the propellers that APC12x8 GP12x6 GWS11x7 GWS8x6 Slow Table 1 . List of the propellers initially simulated by the software tended to have overall high efficiency for further experimentation to determine more accurately the efficiency for each propeller, and to compare each set of results with the original propellers used by Mini-VertiGo2. After identifying several suitable propellers from the calculations performed on over 100 pairs of propeller systems, a new test bench was designed and fabricated. Experimental testing of the propeller systems was also conducted and the details and the results of the computations and the experiments are presented in sections 4 and 5, respectively.
CHOOSING THE SUITABLE PROPELLERS FROM THE PROGRAM
The software program 'XROTOR' was used for analyzing the single propellers or the case of the new propeller system operating at forward flight condition; fly at the speed of 10m/s and 15m/s (cruise and maximum speed, respectively). Since the XROTOR can calculate only the single propeller, Carter [16] developed the counter-rotating rotors design/analysis software from the XROTOR called 'CROTOR'. Therefore, the in-line propellers were simulated by using software program CROTOR. CROTOR was used for both hovering and forward flight conditions in this study. Based on the software XROTOR, the software CROTOR should provide acceptable and comparable results of analyzing propeller systems in this project. Assume an aircraft weights of 250 grams or equal to 2.45 N. From the Eq.(2) (L/D = 3) the required thrust force (T) is 0.82 N. Therefore each propellers diameter of 5" -8" was simulated and then their efficiency (η) at T=0.82 N is calculated by Eq.(4).
(4)
Where C T is thrust coefficient and C P is power coefficient.
In hovering flight, using the Equation 1 with an aircraft weight of 250 grams, the thrust requirement is 2.94 N. In order to trim during hovering the calculation was run until no torque (Q = 0) in the system was obtained. Then the efficiency of over 100 pairs of in-line propeller system combinations using different propellers presented in the Table 1 
Some of these calculation results for the hovering and the maximum speed forward flight are presented in the Table 2 and 3, respectively. Since the propeller APC 7x5 which was used by Mini-VertiGo2 (MV2) could not be found (Tractor configuration) on the market, APC6x4 and GWS8x6 Slow propellers were used as a reference in this study. Both in-line propellers representing of MV2 are noted by APC6x4 -APC6x4 (MV2) and GWS8x6 Slow -GWS8x6 Slow (MV2), illustrated in the Table 2 and 3. For the hovering flight in the Table 2 , all in-line counter-rotating propeller systems were simulated by CROTOR. In the Table 3 , the efficiency of two in-line propellers systems, APC6x4 -APC6x4 (MV2) system and GWS8x6 Slow -GWS8x6 Slow (MV2) system calculated by CROTOR, Table 3 for comparison with propeller APC6x4. From this calculation, it is noticed that APC6x5.5 has slightly lower efficiency than APC6x4 at flight speed of 15m/s. From Table 3 , comparing single propeller APC6x4 and in-line propeller APC6x4 -APC6x4 (MV2), the efficiency of single propeller is better than in-line propeller by about 12.5%. Figure 2 presents the result of propeller efficiency in function of the forward to hover time ratio. The ratio is equal to 1 when the mission has only forward flight. If the ratio is zero meaning MAV hover for the entire mission. Finally the ratio between 0 and 1 presents the combination of the mission. This shows that the pair of reference propellers used by Mini-VertiGo2 has a slightly lower efficiency than other new propeller systems. This preliminary analytical simulation proves the new concept of high performance high efficient propeller system for BROWN MMMAV. 
EXPERIMENTS
To confirm the computational result, an experiment was conducted. The experimental part is divided into two states of flight; forward flight was tested in a wind tunnel with a speed of 10m/s and 15 m/s (Dynamic Thrust) and hover flight was experimented in a stationary air room (Static Test).
Test bench
Two new identical test benches were fabricated as show in Figure 3 . This new test bench is equipped with 5 load cells each. Therefore, theoretically 5 components of force/moment can be observed. However, only thrust and torque components were used in this study. The capacity of the load cell was variable from 600 to 1500 grams depending on the purpose and position. Each load cell was then connected to the amplifier and force indicator Kyowa WGA-400 rating the load cell at constant 4 Volts. The uncertainty of measurement for each component is measured following the method recommended by AIAA "Best Practices in Wind Tunnel Testing (2010)" short course [18] . Example of error measurements is presented in Table 4 . Electric characteristic of motors was observed using the UNI-T UT54 multimeter. Thrust, torque, rotational speed, electrical voltage and current of each motorpropeller were separately corrected. 
Static test
Since the MAV is operated at low altitude, the test was conducted in the ambient condition. Single and in-line propeller were investigated. Then, for in-line propeller system, a graph between the total thrust force and the total torque at different speeds were plotted as function of rotational speed of upper and lower propellers. So, from the graph, the rotating speed of each propeller for hovering condition (without deformation of any control surface), T = 2.94 N and Q = 0 N.m, can be read. From the data, the interpolation was made to obtain the efficiency and the electrical power used for hovering of each propeller system. An example of a result in hovering flight with the double propellers GWS10x4.7Slow-APC6x4 was plotted as showed in Fig.4 . In this case for the hovering of 250g-BROWN, the upper propeller and the lower propeller should rotate at speed of about 3,500 and 10,600 RPM, respectively, in order to obtain zero torque condition. Four pairs of propellers from the calculations were experimentally investigated. Another two propeller systems representing the propulsion set of Mini-VertiGo2 were tested as well. The results from finding the efficiency of the propellers in hovering flight when the total thrust force is equal to 2.94 N and the total torque is zero are presented in Table 5 . The input electric power or electric consumption of motors calculated by electric current (I) and voltage (V) is represented in the last column. Both FM and power are in agreement that the new propeller concept provides better performance than the original propeller. However, a smaller error in FM was found for the propeller GWS9x4.7 Slow and the APC 7x5 where FM was found to be slightly lower than expected. Fig.6 . The trend of thrust versus rotational speed in Fig.6a looks correct. However, the result of torque in Fig.6b High Performance Propeller System for a Multi-Mission Micro Aerial Vehicle
International Journal of Micro Air Vehicles Figure 6 . Results of the propeller APC6x4 at speed of 10m/s and 15m/s measurement due to the vibration, the error from rotational measurement especially at low rotational speed, and could be the error from wind-milling effect at low rotational speeds as well. Similar to hovering flight, the flight condition for thrust equal to the estimated required thrust (estimated total drag from L/D = 3) was determined. Therefore, the efficiency of the propellers at level flight condition was calculated at the point where the thrust force equaled to 0.82 N. The results are summarized in Tables 6-7 . Electric input power consumption is also calculated and presented. The rotational speed of propeller(s) is given in the second column.
From the Tables 6-7, although efficiency of GWS8x6 Slow (MV2) propeller system obtained by the test is the best choice, this data is suspect. Efficiency of the propulsion system is over 90% which is abnormal. This might be due to the vibration during the wind tunnel test which induces an error of measurements in torque and due to the error of rotational speed measurements. The result on the electric consumption power shown in the 5th column is more reasonable. A single propeller consumes less electric power for given a thrust of 0.82 N in both condition (10 and 15 m/s) compared to the propeller pair system used in Mini-Vertigo2 (MV2). Table 6 . Efficiency of the propellers at 10m/s forward flight condition for 250g-BROWN Table 7 . Efficiency of the propellers at 15m/s forward flight condition for 250g-BROWN
CONCLUSIONS AND FUTURE WORKS
This research is a part of the BROWN MMMAV project which is divided into several parts such as wing-propeller interaction aerodynamics, flight stability, flexible folding wing, vectoring propeller flight and control. Besides these parts, the propulsion system of MMMAV was focused in the current project. The project presents Mini-Vertigo2 as multi-mission MAV for which there are two identical propellers with a spacing of 8 cm. To improve performance and efficiency of MMMAV, the BROWNa new multi-mission Micro Air Vehicle (MMMAV) -was designed. The new propeller system was proposed by using different propellers, a larger propeller (8, 9 and 10 inches diameter) which is good at slow speeds for the upper propeller and a smaller propeller (6 and 7 inches diameter) which is good at high speed for lower propeller. Due to the BROWN's design, the gap between the two propellers investigated in this paper was enlarged to a spacing of 25 cm. BROWN supposes to use only the lower propeller in horizontal forward flight while both propellers are used for vertical hover flight. An efficiency of 100 propeller systems was estimated in hover and forward flight with analysis propeller software, 'XROTOR' and 'CROTOR'. Experiments with about 10 propeller system was conducted including static test for hovering and test at 10 m/s and 15 m/s in a wind tunnel for forward flight. The results of hovering tests show that the new concept propeller is more efficient than original propeller system although the result in forward flight is still not clear due to vibration and measurement errors. However, considering the required electric power, the new propeller system needs less electric energy than the original propeller system for both conditions (hovering and forward flight). The double propeller with the highest efficiency is the GWS9x4.7 Slow -APC6x4. This propeller system uses less electrical power than the Mini-vertigo2. The power required was reduced by approximately 20% and 30% for hovering and forward flight, respectively. Although the gap between two propellers in this project was fixed at 25 cm because of the design of BROWN MMMAV, a study on the effect of the spacing between the two in-line propellers would be of interest for the future. The wing-propeller aerodynamic interaction when integrating the propeller system in the aircraft is also the current work at Kasetsart University. The part and mechanism design for modification of GWS 9x4.7 Slow must be done in order to allow the foldable GWS9x4.7 propeller to be installed at the front of BROWN MMMAV.
